We investigate the band structure of chromium nitride using the N th-order muffin-tin orbital (NMTO) based downfolding technique. The effective hopping Hamiltonian parameters are obtained using NMTO downfolded basis sets, which consist of Cr d bands including eg and t2g states for both cubic and orthorhombic lattice. We analyze the chemical bonding and tight-binding parameters from the tight-binding Hamiltonian, further the effect of lattice distortion is discussed according to these parameters.
I. INTRODUCTION
Chromium nitride (CrN) has great potential for industrial applications as hard, wear-, and corrosion-resistant coatings. It also attractes much attention due to its interesting fundamental physical properties and nonuniform picture of the electronic structure [1] [2] [3] [4] . The magnetic and structural properties of CrN have been well defined: at room temperature CrN is paramagnetic (PM) in the rock-salt (RS) structure (Space group Fm3m), but below Nèel temperature T N ∼286K it becomes an antiferromagnetism(AFM) orthorhombic phase (Space group Pnma) [5] [6] [7] [8] [9] . The AFM magnetic ordering consists of ferromagnetic(FM) planes, stacked antiferromagnetically along the [110] direction every two FM Cr layers (AFM 2 [110] ), which has been identified by neutron scattering 10 . In contrast to the general agreement on the magnetic ordering and crystal structure across T N , the reports on its electronic properties are quite contradictory, with (i) metal to metal 6, 7 , (ii) insulator to insulator 3, 11 , and also (iii) insulator to metal transition 8 . A recent study has identified a softening of bulk CrN under pressure due to a manifestation of a strong competition between different types of chemical bond that are found at a crossover from a localized to a molecularorbital electronic transition 1 . Moreover, experiment also indicates that the N-vacancy concentration and crystalline defects strongly affect electron transport 2 . Therefore the stoichiometric CrN has been considered a cubic paramagnetic correlated insulator at room temperature, but an orthorhombic antiferromagnet metal below T N 2,4 .
However, on the theoretical side, First-principles density function theory (DFT) calculations 12,13 predict metallic ground states for both cubic and orthorhombic lattice. The results show Cr 3d partial density of states (DOS) at the Fermi level (E F ), but no gap observed, which is in contrast to the experimental measurement 4 ). However, in contrast to the theoretical results, the experiments show that cubic CrN remains a paramagnetic insulator over the entire measured temperature range of 10-295 K 3 . Therefore, the relationship between magnetism and structure as well as the related electronic structure of CrN is still a controversial issue. In this paper, we employ the recently developed N th-order muffin-tin orbital (NMTO) method [15] [16] [17] to produce real space Hamiltonian parameters for both cubic and orthorhombic phases, furthermore investigate the hopping integrals of the tightbinding Cr d bands and analyze the chemical bonding.
II. THE CRYSTAL STRUCTURES AND COMPUTATIONAL METHOD
The two kinds of structures are very well known and are described as bellow: One is the cubic rock-salt structure with a lattice constant of a = 4.148Å
1 . Each Cr atom is surrounded by six N atoms, thereby providing the octahedral environment at the Cr site, which leads to the splitting of the degenerate d orbital into t 2g and e g states. Every Cr atom has 12 first nearest neighbor (first-NN) Cr atoms and 6 second nearest neighbor (second-NN) Cr atoms. Below the Nèel temperature, CrN has the orthorhombic antiferromagnetic structure (lattice constants are a = 5.757Å, b = 2.964Å, c = 4.134Å) 10 , in which the lattice expands about 1.8% along [110] direction and shrinks about -1.1% along [110] direction of the original cubic structure, respectively. Since there is the simultaneous occurrence of both magnetic order and structure transition, in order to separate the effect of magnetism and structure distortion, we ignore the magnetic ordering for the orthorhombic phase. In the orthorhombic lattice, each Cr atom is still sixfold coordinated by nitrogen atoms and the corresponding octahedra is distorted due to the tiny shear deformation in xy plane, while c-axis is roughly unchanged. The 12 first-NN Cr-Cr pairs are split into two longer and two shorter pairs in xy plane and roughly unchanged 8 Cr-Cr pairs out of xy plane. It is also noted that the bond distance of Cr-N as well as second-NN Cr-Cr pairs remain nearly constant.
In the present study we firstly use the tight-binding linear muffin-tin orbital (TB-LMTO) method with the atomic-sphere approximation technique 15, 16 to generate electronic structure. The non-spin-polarized calculations for both the cubic and orthorhombic CrN phases have been performed within Local Density Approximation (LDA). Then NMTO method is used to carry out the localized Wannier function which is the orthogonalized Löwdin functions from the atomic orbitals. The downfolding technique in the NMTO method allows to produce minimal bands which follows exactly the bands derived with the large basis set, which actually is the maximum localized Wannier function. We choose all of Cr d orbitals to form the minimal basis set, and further the corresponding hopping integrals of the tight-binding Cr d bands are derived from the NMTO calculations.
III. RESULTS AND DISCUSSIONS
A. LDA band structure
The non-spin-polarized band structures of CrN are calculated with the full atomic orbitals, which are shown in the left-panels of Fig.1 and Fig.2 , it is found that the band structures of both phases are quite similar except that the small band splitting about 10 meV induced by orthorhombic distortion. As shown in Fig.1 , the lowest three bands are primarily p states of N distributing from -9 eV to -2 eV. The t 2g -derived states at the Cr site span the energy of about -3.9 eV∼0.9 eV, while the e g -derived states of Cr occupy the energy range from -0.7 eV to 4.2 eV. Around the Fermi level, the bands are primarily Cr 3d states of t 2g manifold, with e g bands situating in higher energy due to the crystal-field splitting. In the cubic lattice, the d-orbitals Since the band gap observed experimentally in paramagnetic cubic phase could not be captured by LDA or GGA calculations, it suggestes that CrN should be electron correlated system 4 . Therefore, constructing a model hamiltonian which could be used in many body picture to perform the realistic calculation is highly expected. We propose a downfolding scheme in which all orbitals of whole atoms except Cr-d are downfolded. Both Cr t 2g and e g states are considered to constitute the effective orbitals because electrons occupation on higher e g state could not be ignored in both cubic and distorted structures. For the local coordination, the x and y coordinate axis of CrN 6 octahedra are chosen in original direction of the coordinate axis of the cubic lattice. The effective hopping Hamiltonian matrix of dimension 5 × 5, built up by the five d effective orbitals. Fourier transformation of the downfolded Hamiltonian (H(k)→H(R)) gives a TB electronic Hamiltonian in real space consisting of hopping over up to five NNs. For many studies, it is desirable to have a shorter-range Hamiltonian which can be achieved by the downfolding technique. Taking the first nearest neighbors and the second nearest neighbors into account, the total Hamiltonian matrix can be expressed as follow:
In this formula, R n and R ′ n are the coordinates of 12 first nearest neighbors and 6 second neighbors, respectively. Here only one representative hopping matrix at each NN is shown as bellow, but due to the crystal symmetry all the other NN hopping integrals can be derived from proper unitary transformation.
The basis set of Cr-d NMTO orbitals:
The on-site hopping integral (The unit is eV and E F = 3.2685eV.): 
The first nearest neighbor (The unit is meV): 
The on-site term t 000 m ′ ,m is diagonal, and doubly degenerated e g and triply t 2g are presented. The crystalfiled splitting between e g and t 2g state is 2.2 eV. In the downfolding procedure, we have obtained the hopping matrix elements of all Cr-d orbitals, thus we can derive the energy bands from these hopping matrixes throughout the Brillouin zone. Hopping integrals further than third NN are small. The largest values are 35 meV for third NN, 59 meV for fourth NN and 54 meV for fifth NN, respectively. The hopping of third NN should be pass through chains like Cr[000]···Cr[ From the effective TB second-NN Hamiltonian, the best optimized downfolding bands are plotted with black dash lines in the right panel of Fig.1 . The bands obtained by downfolding all the other channels expect the Cr-d channels include only the first-NN and second-NN Hamiltonian in real space. There is distinguish discrepancy between the full bands and downfolding bands, which indicates that the long-range hopping have certain contribution. We find that the third NN and fourth NN terms are necessary to fit the full bands.
Furthermore, the second-NN Hamiltonian derived from downfolded bands are expressed in terms of the Slater-Koster integrals ddσ, ddπ, ddδ, which could be used to understand the chemical bonding between Cr atoms on different sites. Starting from the first-NN hopping parameters of t 2g , we obtain ddσ=532meV, ddπ=4meV, and ddδ=180meV, while from the first-NN hopping parameters of e g we obtain ddπ=168meV and and e g orbitals is due to the influence of N-2p obitals. Because the e g orbitals have strong pdσ antibonding with N-2p states, while t 2g orbitals form weak antibonding pdπ coupling with N-2p states. Since the influence of N-2p tail is captured in the NMTO downfolding procedure, therefore the two-center integral treatment of Slater-Koster integrals formation provide different bonding strength. Moreover, from the second-NN hopping parameters, we obtain that the chemical bonding are ddπ=-117meV, ddδ=9.8meV for t 2g orbital and ddσ=-530meV, ddδ=32.7meV for e g orbital, respectively. The chemical bonding between e g orbitals are dominated by ddσ plus a little ddδ without ddπ, while between t 2g orbitals are ddπ dominated.
It could be found that the effective bonding connected to second-NN Cr atoms are actually indirect bonding, while for first-NN Cr atoms are mainly direct bonding between Cr d orbitals, if we perform downfolding of the Hamiltonian in the larger basis including N 2p orbitals. The second-NN indirect bonding between t 2g orbitals are primarily dominated by the nitrogen-mediated pdπ coupling, while bonding between e g orbitals are primarily dominated by the nitrogen-mediated pdσ coupling, along x, y and z-axis directions via the Cr···O···Cr chain. As the pdσ and pdπ bonding are very strong (∼ 1.5 eV), so that the indirect bonding (∼ t 2 pd ε−εp ) of second-NN has comparable strength with the direct dd bonding of first-NN.
C. Downfolding onto the Cr-d manifolds for the orthorhombic lattice
We now turn to the orthorhombic lattice. As same as the cubic case, the effective TB Hamiltonian is of dimension 5×5, which is defined on the basis of the effective t 2g and e g orbitals for the Cr sites of the orthorhombic lattice. The hopping integrals of Cr-d Wannier orbitals in the real space are presented up to the second NN. Since the Cr atoms centered CrN 6 octahedra is slightly distorted by the orthorhombic distortion, the 12 first-NN terms in Hamiltonian are split into three groups according to crystal symmetry: two hopping integrals in xy plane connect to ( ping integrals in xy plane connect to ( For convenient, the a and b axis are further rotated 45
• in NMTO calculations, pointed to (110) and (110) of the orthorhombic lattice, while the c axis is unchanged. In this local coordination system, the a, b and c axis are as same as that in the cubic structure, thus we can compare the hopping integral directly. The basis set of Cr-d NMTO orbitals:
The on-site term (The unit is eV and E F = 3.4286 eV.): 
The best optimized downfolded bands are also plotted in the right-hand panel of Fig.2 (black dash lines) . Similar with that of the cubic lattice, we could find the discrepancy between the full bands and downfolded bands, because the bands obtained by downfolding only take account of the first-NN and second-NN Hamiltonian in real space.
It is found that the on-site terms are not diagonal unless in { 0.9998d xy +0.0158d 3z 2 −1 , The orbital combinations of 0.9998d xy +0.0158d 3z 2 −1 and -0.0158d xy +0.9998d 3z 2 −1 indicate that the pure state of d xy or d 3z 2 −1 orbital in the cubic lattice slightly mix each other due to the distortion effect induced by the expansion of a axis and shrinking of b axis in the orthorhombic lattice.
The influence of the orthorhombic distortion on the hopping integrals of first-NN and second-NN is clearly indicated, when we compare the hopping terms t Thus, the effect of orthorhombic distortion on electronic structure is almost offset in these terms. The net contributions primarily originate from the first-NN hopping terms of t xz,yz and t 3z 2 −1,xy between the Cr atoms in xy plane, which also indicate the nature of the orthorhombic distorted effect similar with that found in on-site terms. Therefore, the total energy should change very tiny when the lattice of CrN distorts from the original cubic to the orthorhombic structure, as been shown in the total energy results of the previous nonmagnetic first-principles electronic structure calculations 12 .
IV. SUMMARY
In conclusion, by using the downfolding technique with the NMTO method, we have investigated the electronic structure of both the cubic and orthorhombic structure CrN, and obtained the parameters for the TB Hamiltonian with downfolded Cr d orbitals. Further the chemical bonding and the distortional effect are analyzed according to the TB parameters. It is found that the first-NN hopping integral t xz,yz and t 3z 2 −1,xy should be responsible for the effect of orthorhombic distortion and long range hopping terms have little contribution. Therefore, the non-spin-polarized result with Cr d orbitals involving second-NN hopping terms might be a good starting point for the many-body calculations to consider the complex physical properties. 
